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Water-in-oil (W/O) emulsions occur in various fields: petroleum indus-
try, food producing, pharmaceutics, solvent extraction, and others
(Kelesog˘lu et al., 2012; Sullo et al., 2014; Yurtov and Koroleva,
2014). Such emulsions are instable toward aggregation since high
charges cannot be generated on the surface of aqueous drops in non-
polar media. As a result the formation of compact spheroidal aggre-
gates or branched structures that occupy the almost entire volume of
emulsions takes place.The structure of aggregates becomes important, depending on
emulsion applications. In petroleum industry oilfield emulsions are
formed during the oil recovery process (Kelesog˘lu et al., 2012). Perco-
lation clustering causes alterations in rheological properties of emul-
sions and this may create some operational problems in wet-crude
handling facilities and during transportation through pipelines.
On the contrary, the aggregation into a single percolated structure
is a favorable for some pharmaceutical and food emulsions. If strong
network of emulsion droplet is formed, it can reorganize only slowly,
and is much more stable to sedimentation and oil phase separation
(Dickinson, 2012).
Mathematical simulation of aggregation in W/O emulsions makes
it possible to estimate the rate of this process, to control and monitor-
ing the droplet structural organization in aggregates and to replace
long-term experiments with emulsions of different compositions.
Aggregation process can be simulated using population balance
models. The discrete particle model was used for calculations of the
shear induced aggregation rate kernel (Narni et al., 2014) and rate ker-
nels for aggregation due to shear or gravitational settling (Reinhold
and Briesen, 2009).y (2016),
2 M. Koroleva et al.The structure of the formed aggregates can be modeled using
stochastic, dynamic, or combined methods involving deterministic
and stochastic parts (Heerman, 1986). Stochastic models can be used
only when particle-particle interactions can be neglected. Such models
were applied to simulate aggregation of droplets in aerosol, and submi-
cron particles in static gas (Sorensen, 2001; Watanabe and Tanaka,
2013). Dynamic and combined methods, which take into account
attractive and repulsive interparticle forces, and Brownian motion of
particles, are also used (Candia et al., 2005; Cordelair and Greil,
2004; Kovalchuk and Starov, 2012; Videcoq et al., 2007).
Brownian and Langevin dynamics are preferred for modeling
aggregation, because physical and chemical characteristics of the dis-
persed system are input in the simulations of the particle motion.
The technique of Brownian dynamics simulation has been described
to model the formation of networks of protein-stabilized oil droplets
(Dickinson, 2013), aggregation of disk-like hematite particles (Satoh,
2015), polymer suspensions (Shie et al., 2007), formation of compact
and ordered colloidal clusters (Bochicchio et al., 2015). Aggregation
and structural changes of planar colloidal crystals under shear were
studied by Langevin dynamics technique (Wilms et al., 2012). The evo-
lution of oil-in-water emulsions toward flocculation, coalescence, and
Ostwald ripening was simulated by the modified Brownian dynamic
algorithm taking into account surfactant adsorption on emulsion sta-
bility (Urbina-Villalba and Garcı´a-Sucre, 2000; Urbina-Villalba,
2009).
The calculations using the Langevin dynamics method are more
computationally expensive compared to Brownian dynamics because
the first one takes into account the particle inertia (Dhont, 1996).
For this reason Langevin dynamics provides more realistic description
of droplet motion in real emulsions.
This paper presents the demonstration of a simulation procedure
for studying droplet aggregation in W/O emulsions by Langevin
dynamic method. A comparison between numerical and laboratory
results is discussed.
2. Theory and model formulation
2.1. Langevin impulse integrator
The time evolution of single droplets and aggregates is calcu-
lated by the integration of the Langevin equation. The motion
of droplets and aggregates is described using the Langevin
impulse integrator (Skeel and Izaguirre, 2002) of the form:
vtþ12Dt ¼ vt þ
Ft
2m
Dt ð1Þ
xtþDt ¼ xt þmc 1 e
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 
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where v is the velocity in i-direction, x is coordinate, t and Dt
are the time and the time step, F is the sum over all interdroplet
forces, R1 and R2 are the components of the Brownian force, m
is the droplet mass, T is the absolute temperature, and k is the
Boltzmann constant.
Drag acts on the droplet according to Stokes’ law. The fric-
tion coefficient f is given as
f ¼ 6plr ð4Þ
where r is the droplet radius, and l is the dynamic viscosity of
the oil phase of emulsion.
The attraction energy (Um) with partially electromagnetic
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Coefficient p0 is equal to
p0 ¼
2pH12
k
ð5:2Þ
where A* is the Hamaker constant (3.9  1021 J), H is the sep-
aration distance between the droplet surfaces, and k is the
characteristic wavelength taken to be 100 nm.
The electrostatic repulsion energy between droplets (Uel) is
expressed as (Derjaguin et al., 1987)
Uel ¼  4pr1r2
r1 þ r2 e0eW
2
0 lnð1þ ejH12Þ ð6Þ
where W0 is the droplet surface potential, j is the inverse
Debye length, e0 is the electric constant, and e is the relative
permittivity of the oil phase.
The attraction and repulsion forces are calculated by differ-
entiating the equations of potential energy with respect to the
coordinate. The force of gravity acting on single drops and
clusters is also taken into account.
The Brownian motion is represented by a random force
with components R1 and R2 that satisfy the following statisti-
cal characteristics (Skeel and Izaguirre, 2002):
R1;tþDt ¼ ﬃﬃﬃﬃs2p n1;tþDt ð7Þ
R2;tþDt ¼ s1  s2ﬃﬃﬃﬃs2p n1;tþDt þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dt s
2
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where n1,t+Dt, n2,t+Dt are independent random values obeying
the Gaussian distribution, and s1 and s2 are auxiliary time-
dimensional variables.
Starting values of particle velocities are obtained according
to the Maxwell velocity distribution at a given temperature:
vi ¼ ni
ﬃﬃﬃﬃﬃﬃ
kT
m
r
ð11Þ
where ni is a random value obeying the Gaussian distribution.
The formation of aggregate is set to occur when droplets
approach each other at a distance of less than the distance of
coagulation (taken to be equal to 1 nm), with the droplet aggre-
gation being assumed to be reversible. The sums of the attrac-
tive, repulsive, and gravity forces for each pair of droplets in
each aggregate are taken to be equal to the sum of these forces
at the distance of coagulation. This sum is kept unchanged even
when droplets approach each other and the distance between
droplets in an aggregate becomes smaller. If the distance
between particles in an aggregate becomes larger than the coag-
ulation distance, then the pair is disaggregated.
2.2. Rattle algorithm adapted for use with Langevin impulse
integrator
The Rattle algorithm (Andersen, 1983) can be used to optimize
the distances between neighboring particles in an aggregate toand percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
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adapted for use in combination with Langevin impulse integra-
tor. The Rattle algorithm consists of the following steps:
Step 1: Calculate half velocity values vnþ12 for all particles
with no bonds taken into account. For each i-particle:Please
http://vi;nþ12 ¼ vi;n þ
1
2
ai;nDt ð12Þwhere ai,n is particle acceleration at step n, Dt is a time gap
between steps n and n + 1, n + ½ is an intermediate step
between steps n and n+ 1.
Step 2: Execute the correction of half velocities vnþ12 of all
collided particles in clusters.
Step 2.1: Select an unchecked pair of particles i and j. Cal-
culate the desired distance dij between the centers of
droplets:dij ¼ ri þ rj ð13Þ
Step 2.2: Calculate the relative shift between particles in
pair:
0 0sn ¼ ðxi;n þ Dxi;nÞ  ðxj;n þ Dxj;nÞ ð14Þ
where xn is a particle position, Dx0 is a particle shift that is
calculated by the eq. (2) using the adjusted value of vnþ12 to
simulate the expected displacement of the particle at the
next step.
Step 2.3: If s2n  d2ij
  6 dx then go to Step 2.5, otherwise cal-
culate the half velocity correction coefficient:bn ¼
s2n  d2ij;n
2snðxi;n  xj;nÞ 1e
 fimiDt
fi
þ 1e
fj
mj
Dt
fj
 ! ð15Þ
Step 2.4: Calculate a new value of vnþ12:vi;nþ1
2
¼ vi;nþ1
2
 bn 
xi;n  xj;n
mi
ð16Þvj;nþ12 ¼ vj;nþ12 þ bn 
xi;n  xj;n
mj
ð17Þ
Step 2.5: If relative particle displacements in all particle
pairs are within some tolerance or the upper limit of itera-
tions has been reached, then go to Step 3. Else go to Step
2.1.
Step 3: Calculate next particle coordinates for each i-th
particle:xi;nþ1 ¼ xi;n þ Dxi;n ð18Þ
using Eqs. (2), (8), (9) and (10).
Step 4: Calculate accelerations an+1 of all particles for the
positions xn+1 using the sum over all interdroplet forces F.
Step 5: Calculate particle velocities at the n+ 1 step for
each i-th particle using Eqs. (3) and (7).
Step 6: Execute the velocity vn+1 correction loop for all
bonds between particles.
Step 6.1: Select an unchecked pair of particles i and j. Cal-
culate the desired distance dij between the centers of parti-
cles by the Eq. (13).
Step 6.2: If ðvi;nþ1  vj;nþ1Þðxi;nþ1  xj;nþ1Þ 6 dv then go to
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Step 6.3: Calculate new velocity values vn+1:and pevi;nþ1 ¼ vi;nþ1  rnþ1  xi;nþ1  xj;nþ1
mi
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Step 6.4: If relative particle displacements in all particle
pairs are within some tolerance or the upper limit of itera-
tions has been reached, then go to Step 7. Else go to Step
6.1.
Step 7: End of the algorithm. For all particles, the values of
coordinate xn+1, velocity vn+1 and acceleration an+1 are
known.
2.3. Implementation details and emulsion data
A finite number of droplets (N) are randomly distributed in a
cubic box of 10 lm in edge length L. The volume fraction of
aqueous droplets (/) ranges from 0.05 to 0.50. The distance
between just generated droplets is P20 nm at /< 0.50 and
P10 nm at /= 0.50.
The selection of the time step is dictated by the numerical
stability of the simulated system during the calculation, that
is why a variable step Dt is used to enhance the stability. In
every step each droplet can displace on a distance no larger
than 25 nm that being the radius of the smallest droplet rmin
in simulating emulsion. If any displacement exceeds this
distance, Dt is halved.
In this study water-in-oil emulsions, i.e., emulsions wherein
aqueous droplets are dispersed in the oil phase, have been
modeled. The sizes of aqueous droplets in a typical W/O emul-
sion measured in the laboratory (Koroleva et al., 2011) are
taken as the droplet size distribution in the simulations. The
droplet radii range from 25 to 400 nm, and the average droplet
radius is 160 nm.
It is assumed that the percolation cluster has sizes of no
fewer than L - rmin along all three axes.
The viscosity and relative permittivity of the continuous
phase (mineral oil) are equal to 0.1 Pa s and 2.43, respectively.
The Debye length is considered equal to 400 nm similar to the
1/j value for W/O emulsions stabilized with sorbitan monoole-
ate. In W/O emulsions the surface potential slowly decays in
the continuous media, so f-potential is used instead of w0.
The f-potential of aqueous droplets stabilized with sorbitan
monooleate was experimentally determined by microelec-
trophoresis and is given in calculations as 10 mV. The
temperature was assumed to be equal to 298 K.
3. Results and discussion
3.1. Aggregation before the percolation clustering
The fraction of aqueous phase has a great effect on the struc-
ture of aggregates in W/O emulsions. The progress of the
aggregation process with respect to change in cluster number
N, relative to the initial number of droplets N0, is illustratedrcolation clustering in emulsions. Arabian Journal of Chemistry (2016),
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4 M. Koroleva et al.in Fig. 1. Induction period for aggregation decreases sharply as
aqueous phase concentration increases, and at /= 0.5 it is
almost absent.
As expected, droplets aggregate faster in more concentrated
emulsions than in more dilute ones. Moreover, the aggregation
rate increases with time before the percolation threshold is
reached. The aggregation rate constant K enhances linearly
on the log-log plot (Fig. 2).
At low fractions of aqueous phase, aggregates are located
at a large distance from each other. Just formed aggregates
transform into subrounded ones because attractive force
exceeds repulsive force in apolar media. In more concentrated
emulsions chain clusters aggregates and highly branched struc-
tures grow. As a result the aggregation rate constant increases
over time.
Analysis of changes of cluster sizes over time was carried
out. Distributions of i-fold clusters are illustrated in Fig. 3.
For an emulsion with /= 0.3, the time of percolation cluster-
ing is 0.2, and these histograms correspond to the percolating
time and half-time – tper and tper/2. Number of singlets gradu-
ally decreases, but they do not disappear completely and
remain in the system in the moment of percolation cluster for-
mation and even later. Over the course of time, the number of
dimers, trimers and other small clusters also diminishes and
the number of n-fold clusters with large n increases. There is
no maximum in the histograms that indicates aggregation
mainly as a result of Brownian diffusion.
Evolutions in the concentrations of singlets, dimers, and tri-
mers over time relative to coagulation half-time h are presented
in Fig. 4. Curves for simulated number of single droplets and
dimers differ only slightly from data calculated by the Smolu-
chowski equation. Small deviations are attributed to random-
ness in the simulation process.
Distinct differences are observed in theoretical and simu-
lated results for trimers and larger aggregates. The positions
of simulated maxima for trimers (Fig. 4) and n-fold aggregates
with n> 3 are near to theoretical maxima calculated using the
Smoluchowski equation, but the fractions of the aggregates are
smaller. Droplet concentrations in the simulated emulsions are
high enough. Thus the probability of simultaneous collision of0.0
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Figure 1 Time variations in cluster numbers N relative to the
initial number of droplets N0 at different aqueous phase fractions.
Bold dots on the dashed line correspond to the formation of
percolation clusters.
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Figure 3 Cluster number distribution for different times of
aggregation. In all cases /= 0.3 and N0 = 9450.
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http://dx.doi.org/10.1016/j.arabjc.2016.07.001three droplets or aggregates is increased. Collisions between
aggregates with different sizes take place, and all these lead
to a more rapid diminishing of the number trimers and larger
aggregates.
3.2. Percolation clustering
Droplet aggregation in emulsions leads to formation of globu-
lar or branched agglomerates. If droplet fraction emulsion
exceeds a certain value branched agglomerates can combine
and create a percolation cluster. The time required to reach
the percolation threshold increases with decrease in aqueous
phase fraction, as shown in Fig. 5.and percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
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Figure 4 Time evolution of singlets, dimers, and trimers in modeling emulsions with different droplet concentrations and theoretical
distribution obtained from Smoluchowski equation.
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tering lasts for fractions of a second. The velocity of this pro-
cess decreases with decreasing /, and the time required for the
percolation cluster formation increases up to 1.5 s at /= 0.15
and rather higher at /= 0.12 – up to 8.5 s.Please cite this article in press as: Koroleva, M. et al., Modeling droplet aggregation
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the percolation threshold is not reached for several dozens of
seconds. This can be ascribed to the fact that less branched
aggregates exist in low-concentrated emulsions. Due to loca-
tions at large distances the aggregate structure is altered withand percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
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Figure 5 The time of percolation cluster formation as a function
of aqueous phase fraction.
6 M. Koroleva et al.time and transformation of small aggregates into subrounded
ones takes place faster than their aggregation.
Fig. 6 illustrates the number of droplets in the percolation
cluster and the fraction of the total amount of droplets in this
cluster for emulsions with different water phase concentration.
The quantity of droplets decreases with diminishing the water
phase concentration, but the fraction of droplets combined
into a percolation cluster is almost constant in the range of
/ values from 0.35 to 0.50. Large branched aggregates are
formed at these simulation conditions and percolation cluster
arises by combining such aggregates.1000
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Figure 6 The effect of aqueous phase fraction in simulated
emulsion on the number and the fraction of droplets in percolation
cluster.
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droplets in emulsions with / spanning the range of 0.12–
0.30. Relatively large aggregate is formed in such systems pri-
marily. Then smaller aggregates and single particles attach to
this large cluster until percolation clustering is reached. The
fraction of droplets in a percolation cluster sharply increased.
The reason for the increase in the number of droplets in the
percolation cluster at /= 0.12 compared to /= 0.15 is that
less branched aggregates grow in the modeling cell. And at /
< 0.12 the percolation cluster is not formed at all.
The results of mathematical modeling enable us to conclude
that percolation cluster is rapidly formed in simulated emul-
sions with /P 0.3. In less concentrated emulsions percolation
clustering is slower and the floc network involves a fewer dro-
plets. In emulsions with aqueous phase fraction of 0.1 the per-
colation cluster is not formed for several dozens of seconds.
3.3. Comparison of simulated results and experimental W/O
emulsion stability
Concentrated W/O emulsions are unstable toward floccula-
tion. Dispersed phase droplets begin to aggregate almost
immediately after dispersing is stopped in the process of emul-
sion preparation. Droplet aggregates are formed with different
sizes and structures depending on the composition of a dis-
perse system and the conditions.
Micrograph of W/O emulsion with a dispersed phase frac-
tion of 0.3 is presented in Fig. 7. Droplet aggregation in inves-
tigated emulsions leads to the formation of flocs with a
network structure. The structure of aggregates calculated
according to Langevin dynamics model (Fig. 7) is similar to
the structure of flocs composed of aqueous droplets in the lab-
oratory prepared emulsion.
The shapes and sizes of the formed flocs in emulsions
noticeably affect the rate of sedimentation and, consequently,
the rate of organic phase separation. The time before the visi-
ble start of the oil phase separation is almost equal to zero for
emulsions with low aqueous phase fraction (Table 1). If /
exceeds 0.2 then the time of oil phase non-separation increases
drastically. In the investigated emulsions the floc network is
formed at the aqueous phase fractions above 0.25–0.30
(Koroleva et al., 2011). The higher the fraction of the dispersed
phase is in the emulsion, the less time is necessary for the per-
colation cluster formation. The network of water droplets
occupies almost entire volume of the emulsion and as a result
sedimentation stability of emulsions increases greatly. Accord-
ing to the results of mathematical simulations and experi-
ments, examined emulsions can be divided into the three
following groups depending on their sedimentation stability
(Table 2):
Overall, it can be concluded that simulation data corre-
spond to experimental results on W/O emulsion stability.
Due to formation of the percolation cluster emulsion stability
significantly increases.
4. Conclusions
Langevin dynamics and experimental study of aqueous droplet aggre-
gation showed that W/O emulsions can be divided into three groups:
 /< 0.12: Percolation clustering is not reached for a long period of
time; therefore, sedimentation stability of these emulsions is high.and percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
Figure 7 Microphotograph of flocs in experimental W/O emulsion (left) and the snapshot of simulated aggregate (right) at /= 0.3.
Table 1 Experimental emulsion stability.
Aqueous phase
fraction
0.10 0.15 0.20 0.30 0.40 0.50 0.60
Time of oil phase
non-separation,
days
0 0.3 1.2 3.0 6.0 10.0 16.0
Table 2 W/O emulsion stability depending on percolation
clustering.
/< 0.12 0.12 6 / 6 0.30 /> 0.30
Simulation No percolation
clustering
Quick formation of percolation
cluster
The droplet
number in
percolation
cluster is about
the same
The number of
droplet
drastically
increases with
rising /
Experiment Sedimentation
rate is high
Network is
flimsy,
sedimentation
stability is
medium
Network is
brunched,
sedimentation
stability is
higher
Droplet aggregation and percolation clustering in emulsions 7 0.12 6 / 6 0.3: A percolation cluster was formed in less than 8.5 s,
but the floc network is weak. The network is compacted over time
and oil phase separates from emulsions. The sedimentation stability
is middle.
 /> 0.3: A percolation cluster consisted of branched aggregates is
formed within fractions of a second. The network is compacted
slowly, so the sedimentation rate is low.
The data obtained confirm that the simulation by the Langevin
dynamics method makes it possible to predict the stability of W/O
emulsions to flocculation and subsequent sedimentation.Please cite this article in press as: Koroleva, M. et al., Modeling droplet aggregation
http://dx.doi.org/10.1016/j.arabjc.2016.07.001This simulation procedure is applicable for predicting stability of
emulsions with different compositions.
Acknowledgment
Financial support for this work provided by the Ministry of
Education and Science of Russia under government assign-
ment and Grant 16.962.2014 is gratefully acknowledged.
References
Andersen, H.C., 1983. J. Comput. Phys. 52, 24.
Bochicchio, D., Videcoq, A., Studart, A.R., Ferrando, R., 2015. J.
Colloid Interf. Sci. 440, 198.
Candia, A., Del Gado, E., Fierro, A., Sator, N., Coniglio, A., 2005.
Physica A 358, 239.
Cordelair, J., Greil, P., 2004. J. Euro. Ceram. Soc. 24, 2717.
Derjaguin, B.V., Churaev, N.V., Muller, V.M., 1987. Surface Forces.
Consultants Bureau, New York.
Dhont, J., 1996. An Introduction to Dynamics of Colloids. Elsevier,
Amsterdam.
Dickinson, E., 2012. Food Hydrocolloids 28, 224.
Dickinson, E., 2013. Adv. Colloid Interf. Sci. 199–200, 114.
Heerman, D.W., 1986. Computer Simulations Method in Theoretical
Physics. Springer, Berlin.
Israelachvili, J.N., 2011. Intermolecular and Surface Forces. Academic
Press, London.
Kelesog˘lu, S., Pettersen, B.H., Sjo¨blom, J., 2012. J. Petrol. Sci. Eng.
100, 14.
Koroleva, M.Yu., Leoshkevich, I.O., Yurtov, E.V., 2011. Colloid J.
73, 65.
Kovalchuk, N.M., Starov, V.M., 2012. Adv. Colloid Interf. Sci. 179–
182, 99.
Narni, N.R., Peglow, M., Warnecke, G., Kumar, J., Heinrich, S.,
Kuipers, J.A.M., 2014. Particuology 13, 134.
Reinhold, A., Briesen, H., 2009. Comput. Aided Chem. Eng. 27, 381.
Satoh, A., 2015. Colloids Surf., A 483, 328.
Shie, S.C., Hua, C.C., Chen, S.A., 2007. Macromol. Theor. Simul. 16,
111.
Skeel, R.D., Izaguirre, J.A., 2002. Mol. Phys. 100, 3885.and percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
8 M. Koroleva et al.Sorensen, C.M., 2001. Aerosol Sci. Technol. 35, 648.
Sullo, A., Arellano, M., Norton, I.T., 2014. J. Food Eng. 142, 100.
Urbina-Villalba, G., Garcı´a-Sucre, M., 2000. Langmuir 16 (21), 7975.
Urbina-Villalba, G., 2009. Int. J. Mol. Sci. 10 (3), 761.
Videcoq, A., Han, M., Abe´lard, P., Pagnoux, C., Rossignol, F.,
Ferrando, R., 2007. Phys. A 374, 507.Please cite this article in press as: Koroleva, M. et al., Modeling droplet aggregation
http://dx.doi.org/10.1016/j.arabjc.2016.07.001Watanabe, M., Tanaka, D., 2013. Comput. Chem. Eng. 54, 151.
Wilms, D., Virnau, P., Sengupta, S., Binder, K., 2012. Phys. Rev. 85,
061406.
Yurtov, E.V., Koroleva, M.Yu., 2014. Pet. Chem. 54, 581.and percolation clustering in emulsions. Arabian Journal of Chemistry (2016),
